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Silica optical microcavity sensors show great promise in the kinetic evaluation of binding pairs,

fundamental in understanding biomolecular interactions. Here, we develop and demonstrate a

novel platform, based on bioconjugated silica microsphere resonators, to study the binding kinetics

of the biotin-streptavidin system. We characterize the optical performance, verify the covalent

attachment of biotin to the surface, and perform streptavidin detection experiments. We perform

preliminary kinetic analysis of the detection data which shows the potential of whispering gallery

mode resonators in the determination of the dissociation constant of the binding pair, which is in

good agreement with previously published values. VC 2011 American Institute of Physics.

[doi:10.1063/1.3634023]

The binding site affinity of an enzyme or antibody (i.e.,

its ability to bind to its specific complement), determines its

utility in a given application. For example, in designing ther-

apeutics, a strong affinity for a specific target is desired to

maximize the effectiveness of the therapeutic.1 Conversely,

in immunoassay applications, a tunable affinity is often

desired to enable sensor reusability.2 Therefore, it is not sur-

prising that the study of binding site affinities is of great sci-

entific and industrial importance. In order to fully

characterize the binding site affinity, it is necessary to per-

form measurements using both free and fixed molecules.

However, while there are numerous methods for determining

the affinity with free molecules, the approaches for fixed

molecules are limited.2

The primary approach for fixed molecule characteriza-

tion is based on surface plasmon resonance (SPR) sensors.

This technique relies on the decaying evanescent optical field

generated by the SPR, which is established at the interface of

a metal film and the solution, and is approximately �50 nm

long.3 When a molecule is located within the evanescent

field, it modifies the effective refractive index. This change

is detected as an increase in the SPR wavelength. While

current SPR systems are ideal for characterizing single

interaction pairs, they often experience difficulties resolving

multi-valent interactions. This limitation is a result of the

short interaction time between the photon and the molecule,

limited bioconjugation protocols for attachment of one half

of the binding pair to metal surfaces, and restricted mass

transport across the sensor surface.3

An alternative evanescent wave technique whose detec-

tion capability arises from changes in the refractive index is

based on silica whispering gallery mode optical resonant cav-

ities.4 Previous research using microsphere optical cavities

has demonstrated the detection of proteins and single virus,

emphasizing the potential diagnostics or detection applica-

tions.5 Therefore, the ability of a resonant cavity to per-

form ultra-sensitive detection experiments has been well-

established.4 In these devices, the evanescent wave is

established by a circulating optical field, which is character-

ized by the photon lifetime inside the cavity or the quality

factor (Q). Ultra high-Q devices (Q> 100� 106) can have

photon lifetimes in excess of 100 ns in the visible spectrum.6

These long photon lifetimes result in a single photon interact-

ing with a bound molecule over 100 000 times, substantially

increasing the sensitivity. Additionally, the silica cavity has

two advantages over the SPR sensor. First, the refractive index

contrast between the cavity and the environment is reduced,

resulting in a significantly longer evanescent tail (�100 nm as

compared to �50 nm, at the same wavelength). This allows

the optical cavity to probe a much larger region and to study

larger molecules.7 Second, a wide variety of surface chemis-

tries are already established for silica. Therefore, by combin-

ing a high Q cavity with a covalent surface functionalization,

it is possible to perform very accurate kinetic measurements.4

In the present work, we illustrate the potential for using

silica microsphere cavities to measure the binding kinetics of

the streptavidin-biotin pair. We enable the specific targeting

of streptavidin through immobilization of one half of the

binding pair on the sensor surface and, subsequently, verify

the bioactivity of this probe molecule. Throughout the func-

tionalization process, we monitor the quality factor of the

microcavity, to ensure that the process does not degrade

the optical performance of the device. Finally, we perform

the detection experiments and kinetic analysis.

The silica microsphere resonant cavities used in this

study were fabricated by heating the tip of an optical fiber

with a CO2 laser (Fig. 1(a)).6 The microspheres were then

functionalized with biotin probe molecules through a three-

step covalent attachment process: hydroxylation, amination,
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and finally biotinylation of the surface.8,9 The surface is

hydroxylated using an oxygen plasma treatment, aminated

through vapor deposition of aminopropyltrimethoxysilane,

and biotinylated through exposure to N-hydroxysuccini-

mide-biotin dissolved in dimethylsulfoxide (DMSO).8,9 To

characterize the surface chemistry of these functionalized

devices, widefield fluorescence microscopy was performed

to confirm the uniformity and the bioactivity of the bioconju-

gation technique. Fluorescein isothiocyanate (FITC) was

used to label the amine groups on the surface of the micro-

sphere after the second step of the functionalization (Fig.

1(b)), while avidin-Texas Red was used to label the biotin

groups after the third and final steps of the functionalization

process (Fig. 1(c)).9 Additionally, a fluorescence intensity

study was performed to evaluate the stability of the biotin

attachment over the course of 60 days in order to ensure sta-

bility of the probe molecule on the sensor surface.8,9

The optical performance or Q factor was determined for

12 microcavities after each step in the functionalization pro-

cess. The microcavities were coupled to a pair of tunable

diode lasers centered at 765 nm and 850 nm using tapered

optical fibers.6 Low input power and coupling were used to

minimize non-linear effects (broadening of the linewidth)

during detection. The linewidth (full width at half-maximum

or Dk) was recorded in the under-coupled regime, and the Q

factor was determined using a simple mode coupling model.9

As can be observed in Figure 1(d), the functionalization pro-

cess has minimal impact on the Q of the cavity, thus enabling

both specific and sensitive detection of binding kinetics.

After complete functionalization of the microsphere op-

tical cavities, detection experiments were performed using

the 765 nm laser. A low input and coupled power was used

to minimize the thermal broadening which results from a

non-ideal overlap of the optical field with the buffer.10 A sy-

ringe pump flowed 1 mL of a 1 nM streptavidin solution into

an aqueous environment surrounding the functionalized

microsphere. Three different injection rates were used to

explore the possibility of mass transport limitations in detec-

tion. All other parameters were held constant (Q factor, scan

rate, scan speed, sphere diameter, etc). The resonant fre-

quency was continuously monitored during injection and

was automatically recorded on a custom LabVIEW pro-

gram.9 These detection experiments were performed several

times, and similar results were obtained for each flow rate. A

representative data set is plotted in Figure 2.

The strength of the biotin-streptavidin interaction can be

approximated by a reversible bimolecular reaction, which

allows the dissociation constant (kd) to be calculated through

the linearization of the dissociation phase from the resonant

peak shift data using the following equation:11

lnðkðtÞ=koÞ¼ �kdt: (1)

In the above equation, ko is the wavelength at the beginning

of the dissociation phase and k(t) is the wavelength as a func-

tion of time. We determined the kd of our immobilized biotin-

streptavidin system from the slope of this line to be on the

order of 10�9 for all three flow rates. Specifically, the kd was

calculated to be 8.27E-9, 7.58E-9, and 5.70E-9 for streptavi-

din flow rates of 50, 100, and 125 lL/min, respectively.

Figure 3 shows the fit for the 50 lL/min sample, which is a

representative fit for all three flow rates as the standard error

in the calculated kd is on the order of 10�10. It is noted that

our kd value reported through this series of experiments is

higher than the dissociation rate of the biotin-streptavidin

system in solution, which is conventionally assumed to be on

the order of 10�13 to 10�14.12,13 However, it has been shown

that the kd values for the surface-immobilized probe-ligand

systems are typically several orders of magnitude larger, and

values as high as 10�7 have been recorded for immobilized

biotin-streptavidin systems.11,14 This significant difference in

binding behavior suggests that steric hindrance plays a role in

FIG. 1. (Color) Surface chemistry and optical performance of the resonant

cavity. (a) Optical image of the silica microsphere, (b) fluorescent image of

an amine-terminated microsphere labeled with FITC, (c) fluorescent image

of a biotinylated microsphere labeled with avidin-Texas Red, and (d) the

quality factor of the microsphere optical resonators after each step in the

functionalization process measured at 765 nm and 850 nm.

FIG. 2. (Color online) Association and dissociation curves using 1 nM

streptavidin solution at three separate flow rates of 50, 100, and 125 lL/min.
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the interaction of the binding pair when one half is immobi-

lized.9,11,15,16 Additionally, prior literature shows that the dis-

sociation constant for this binding pair can vary significantly

depending on the specific environment and test conditions

during association and dissociation phases, as expected.11,15,16

In addition to calculating the dissociation constant, the

association constant (ka) can also be calculated. To do this,

however, requires the deconvolution of environmental

effects, such as transport phenomena and steric hindrance,

from the binding events.15,16 Although this has been exten-

sively studied by researchers using SPR sensors, mass trans-

port limitations have not received similar attention by

whispering gallery mode device researchers. However, in the

present series of experiments, we observed a dependence of

the sensing signal on the fluid flow rate, indicating that there

are mass transport effects during the association phase (Fig.

2). Specifically, the wavelength change during the injection

period is directly a result of the flow rate of injection, indi-

cating mass transport limitations are hindering the associa-

tion of the streptavidin with immobilized biotin. By adding a

transport constant and performing experiments over a wide

range of flow rates and concentrations, it would possible to

correct for these effects and to accurately determine the

ka.
14,16 Additionally, as the majority of previous experiments

with microspheres have been performed in non-flowing or

stagnant solutions, optimizing the flow rate could provide a

route to improve the collection efficiency or the detection

ability of microsphere sensors. Results of flow rate optimiza-

tion experiments would have a wide range of applications

including, but not limited to, the arena of binding kinetics. In

addition to mass transport limitations in the present system,

there is steric hindrance as a result of a high density of biotin

binding sites on the sensor surface.11,15,16 Such overcrowd-

ing has been shown to result in reduced association rates and

higher dissociation rates.11 By tailoring the density of bind-

ing sites, it will be possible to de-convolve these effects

from the binding data.

In summary, this work demonstrates the ability of whis-

pering gallery mode resonators to determine the dissociation

constant of the biotin-streptavidin binding pair and to act as

probes for the presence of environmental phenomena, such

as mass transport effects and kinetic detection experiments.

This research involved the development of a covalent attach-

ment strategy for binding probe molecules to a silica optical

microsphere resonator, as well as kinetic measurements dur-

ing label-free detection of target molecules. Specifically, a

protocol for covalently attaching biotin to microsphere surfa-

ces was developed and verified using fluorescence micros-

copy, and the lifetime of the active site was characterized. A

series of bioconjugated microspheres was fabricated and

demonstrated Q values greater than 1� 106. Using these

functionalized devices, binding kinetics measurements on

the biotin-streptavidin system were performed, and the kd of

the interaction was found using a simple linearization of the

dissociation phase. Our measured value is in good agreement

with previously demonstrated kd values when biotin is sub-

strate-bound.11,13 Additionally, mass transport limitations

were observed, indicating that the maximum sensor signal is

dependent on the fluid flow, thus providing a mechanism to

tune the sensor response. This approach to measuring bind-

ing kinetics will find numerous applications, including thera-

peutics development, immunoassay design, and fundamental

biological investigations.1,2,17
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